Recent data suggest that changes in ionic content, primarily potassium, play a pivotal role in the progression of apoptosis. However, the changes in total element content, i.e., sodium (Na), magnesium (Mg), phosphorous (P), chlorine (Cl), potassium (K), and calcium (Ca), during apoptosis have not been evaluated. Electron probe X-ray microanalysis (EPXMA) was used to measure total element content in U937 cells before and after the induction of apoptosis. As an experimental model we used U937 cells irradiated with ultraviolet (UV) light. Apoptosis was evaluated with phase-contrast microscopy, with scanning and transmission electron microscopy, and with the fluorescent dye bisbenzimide (Hoechst 33342). Plasma membrane permeability as a measure of cell death was determined by trypan blue dye exclusion. To investigate element content with EPXMA, cells were cryoprepared, i.e., cryofixed and freeze-dried, and analyzed as whole cells using a scanning electron microscope. We found that the UV irradiation induced rapid (within 2 h) morphological changes associated with apoptosis, such as plasma membrane blebbing, condensation of the chromatin, and the formation of membrane-bound apoptotic bodies. At this time, 95% of the apoptotic cells excluded trypan blue dye. EPXMA results demonstrated that UV light-irradiated apoptotic cells (cells with membrane-bound apoptotic bodies) had a lower Cl content (P < 0.001) and K content (P < 0.001) and a higher Na content (P < 0.001) in comparison with nonirradiated control cells. Also, P and Ca content was higher in apoptotic cells than in control cells, but this difference did not reach statistical significance. No differences were found in Mg. These data indicated that morphological changes characteristic of apoptotic cell death are related with significant changes in sodium, chlorine, and potassium content. In addition, we demonstrated that these changes in elemental composition were not associated with loss of cell membrane integrity.
INTRODUCTION
Apoptosis is characterized by a specific sequence of morphological changes including cell shrinkage, cytoplasmic blebbing, chromatin condensation, and the formation of apoptotic bodies [1] [2] [3] . These morphological alterations are accompanied by internucleosomal cleavage of genomic DNA [4] . The molecular mechanisms responsible for the sequence of nuclear and cytoplasmic changes in apoptosis have yet to be elucidated. Nonetheless, the activation of proteases related to interleukin-1␤ converting enzyme (ICE-like proteases or caspases) capable of cleaving certain proteins such as fodrin [5] , actin [6] , nuclear lamins [7, 8] , and poly(ADP-riboses) polymerases [9, 10] is known to be involved. The cleavage of these cellular substrates may be responsible for the morphological changes that occur during apoptosis [11] . It was recently reported that caspases cleave a protein that has intrinsic DNase activity (caspase-activated DNase, CAD) and is able to induce DNA degradation in nuclei [12] .
Caspases are present in nonapoptotic cells as inactive proenzymes that require processing at specific aspartate residues to produce active enzymes [13] [14] [15] . These enzymes are organized as a branched protease cascade, in which each activated caspase plays a distinct role in the execution of apoptotic cell death [16] . However, whether these caspases are activated during apoptosis remains controversial. Some studies have suggested a primary role for intracellular ions, fundamentally potassium (K ϩ ), in the activation of caspase-1 [17] and caspase-3 (CPP32)-like proteases [18] . It has also been shown that K ϩ loss is crucial for the activation of endonucleases in intact cells and cell-free systems [19] . However, agents which prevent the loss of intracellular K ϩ block caspase-3 activation [20] . Recently, Cl Ϫ has also been implicated in apoptosis. Triggering of the CD95 receptor activates an outwardly rectifying chloride channel (ORCC) in Jurkat T lymphocytes [21] . It was also reported that Cl Ϫ efflux activates Ced-3/ICE proteases in staurosporine-induced apoptosis [22] .
One of the morphological hallmarks of apoptosis is cell shrinkage. Alterations in cell volume are accompanied by the movement of water across the cell membrane and activation of volume-regulated ion transport [23, 24] . Different studies have demonstrated that potassium and sodium efflux may be responsible for the decrease in volume in apoptosis [25] [26] [27] .
Taken together, these studies suggest that variations in intracellular ions are involved in the regulation of apoptosis and are able to play a pivotal role in the cell death program. However, because of the limitations of the techniques used to measure ionic composition in single cells, very little information is available concerning the total element content in apoptotic cells [28] .
Electron probe X-ray microanalysis (EPXMA) is the most powerful approach to measure total elemental composition, making it possible to simultaneously determine Na, Mg, P, Cl, K, and Ca at the cellular level [29 -31] . This is a distinct advantage over other commonly used techniques such as cytofluorometric methods and mass spectrometry. In addition, EPXMA permits the analysis of different subsets within heterogeneous cell populations, on the basis of morphological characteristics. This technique is based on the principle that X rays are generated during interaction of an incident electron beam with the sample. The concentration of a given element in the irradiated area is determined from the ratio of the number of counts in the characteristic X-ray peak of that element to the number of counts in the continuum generated by the specimen [32, 33] . However, the use of EPXMA to investigate element content requires the use of cryopreparation. These procedures immobilize water in the form of ice, arrest physiological processes, preserve the morphological characteristics of the different cell subpopulations, and do not perturb the content or distribution of the different elements, including diffusible elements.
In this study, we investigated the total element content (sodium, magnesium, phosphorous, chlorine, potassium, and calcium) in apoptotic cells with quantitative electron probe X-ray microanalysis. The alterations in element content during apoptotic cell death were correlated with the sequence of morphological changes.
MATERIAL AND METHODS
Cell culture. The human monoblastoid cell line U937, kindly provided by Dr. López-Rivas (Instituto de Parasitología y Biomedicina, CSIC, Granada, Spain), was used throughout this study. U937 cells were grown in antibiotic-free RPMI 1640 medium (Sigma Química, Madrid, Spain) supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 25 mM Hepes. Cultures were maintained in a humidified incubator at 37°C in an atmosphere of 5% CO 2 in air.
UV-induced apoptosis. Apoptosis was induced in U937 cells by exposure to UV irradiation as previously described [34] . Briefly, cells (1 ϫ 10 6 cel/ml) were seeded in 25-cm 2 tissue culture flasks and exposed from below to a 302-nm UV transilluminator for 10 min at room temperature. Cells were returned to 37°C and apoptosis was determined at appropriate time periods.
Assessment of viability, shape, and nuclear morphology. Cell viability was determined by the trypan blue exclusion test. Shape was monitored by phase contrast microscopy. The fluorescent dye Hoechst 33342 (bisbenzimide, Sigma Química) was used to visualize the morphological features of nuclei. Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.2, treated with Hoechst 33342 (5 g/ml) in PBS for 30 min at 37°C, and washed with PBS, pH 7.2. Cells were dropped onto glass slides, mounted with PBS/glycerol, and visualized in a Leitz Laborlux 12 epifluorescence microscope. We evaluated the cells on the basis of their nuclear morphology, noting the presence of homogeneous chromatin, condensed chromatin, and fragmented nuclei.
Electron microscopy. For transmission electron microscopy the cell suspension was centrifuged and the cell pellet was fixed with 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, postfixed with 1% osmium tetroxide, dehydrated in a graded series of acetone, and embedded in Epoxy resin. Thin sections were cut using a Reichter ultramicrotome, mounted on copper grids, stained with uranyl acetate and lead citrate, and viewed in a Zeiss EM10C (Zeiss, Oberkochem, Germany) transmission electron microscope. For scanning electron microscopy, glutaraldehyde-fixed cells were dropped onto poly-L-lysine (Sigma Química) precoated coverslips at 4°C overnight. The cells were dehydrated in acetone, critical-point dried (CPD30, Balzers Union, Liechtenstein) with CO 2 , and gold-sputter coated (E5000, Polaron, Watford, UK). The samples were viewed in a Philips XL30 scanning electron microscope (Philips, Eindhoven, The Netherlands).
Electron probe X-ray microanalysis. For EPXMA, control and UV light-irradiated U937 cells were removed from the culture medium and transferred into polycarbonate tissue culture plate well inserts (Millicell-PCF, Millipore, Bedford, MA). Previous studies in our laboratory have shown that polycarbonate membrane filters from Millicell inserts do not interfere with spectra generated from the cells, and no correction for extraneous background was necessary [35] . The inserts were then transferred to conical centrifuge tubes and centrifuged at 170g for 3-5 min (Ferná ndez-Segura et al., in press). After centrifugation, polycarbonate membrane filters were then cut from their polysterene holder and washed with ice-cold distilled water for 5 s to remove the culture medium and prevent the extracellular medium from contributing to the intracellular elemental content. This procedure does not interfere with elemental content or morphology of the cells [36, 37] . After washing, specimens were immediately plunge-frozen in liquid nitrogen (LN 2 ) and placed in a precooled aluminum specimen holder at LN 2 temperature. The specimen holder was then transferred to an E5300 Polaron freeze-drier (Polaron), and cells were freeze-dried for 20 h at Ϫ50°C. The membrane filters were then fixed to adhesive graphite lamina on stubs and coated with carbon in a high vacuum coating system (Hitachi, Tokyo, Japan).
EPXMA was performed on whole freeze-dried U937 cells in a Philips XL30 scanning electron microscope. The microscope was equipped with an Si (Li) energy-dispersive X-ray detector (EDAX International). The analytical conditions were tilt angle 35°, takeoff angle 61.34°, and working distance 10 mm. X-ray spectra were acquired at an accelerating voltage of 10 kV and collected in the static spot mode for 200 s live time. Only one spectrum was acquired from each cell. The concentration of element x in the specimen (Cx sp ) was obtained with the peak-to-local-background (P/B) ratio method [38 -40] and were calculated according to the formula
where Cx is the concentration of element x in millimoles per kilogram (Px/Bx) is the peak-to-background ratio for the element x, the subscripts sp and std refer to specimen and standard, respectively, and the G value is the mean value of the atomic number squared (Z 2 ) and divided by atomic weight ( A) in the sample. Cell element concentrations were obtained with reference to 20% dextran standards containing known amounts of inorganic salts [41] .
When element concentrations were determined by EPXMA, symbols for each element were given without the oxidative state, i.e., K. However, the data were referred to free ion concentrations, the oxidative state was given, i.e., K ϩ .
Statistical evaluation. Data are presented as the mean Ϯ standard error of the mean (SEM). Student's t test was used to evaluate the statistical significance of the differences between means; a value of P Ͻ 0.05 was considered statistically significant.
RESULTS

UV Light-Induced Apoptosis in U937 Cells
Initially, we determined the sequence of cellular events that occur after irradiation of U937 cells with UV light. Figure 1A shows the time course of morphological changes as determined using phase-contrast and scanning electron microscopy. Control cells were round with microvilli on the plasma membrane. Exposure to UV light for 10 min led to the rapid onset (within 2 h postirradiation) of shape changes related with apoptosis. Between 30 and 60 min after UV irradiation, U937 cells lost microvilli and developed blebs on the plasma membrane. By 60 min, the number of cells with blebs began to decrease, and small cells with membrane-bound apoptotic bodies appeared. Maximum numbers of these cells were seen 90 min after UV light irradiation. At this time, the viability of U937 cells was Ͼ95% as determined with the trypan blue assay. Two hours after UV irradiation, viability began to decrease slightly.
To correlate these findings with changes in nuclear morphology, U937 cells were stained with the fluorescent dye Hoechst 33342 and visualized with fluorescence microscopy (Fig. 1B) . Control cells contained a round nucleus with homogeneous chromatin (Fig. 1B,  a) . Thirty minutes after UV light irradiation, the cells displayed clumps of condensed chromatin at the periphery of the nuclear membrane (Fig. 1B, b) , and some cells showed a fragmented nucleus (Fig. 1B, c) . These alterations in nuclear morphology were most evident between 90 and 120 min after UV light irradiation.
Similar results were obtained in the ultrastructural analysis of U937 cells (Fig. 1C) . Figure 1C , d, shows a transmission electron micrograph of control U937 cells, which were characterized by their irregular shape and microvilli, rounded nucleus with normal appearing chromatin, and normal mitochondria. Ultrastructural analysis of U937 cells after exposure to UV light showed that the chromatin of these cells was highly condensed at the nuclear periphery (Fig. 1C, e and f) . This led to the appearance of protuding patches on the surface of the nucleus (Fig. 1C, f) , and its subsequent fragmentation into membrane-bound apoptotic bodies. At the same time the cytoplasm became progressively more vacuolated. Mitochondria and the plasma membrane remained intact during the course of these morphological changes.
Taken together, these results reflect a specific sequence of morphological changes during apoptosis in U937 cells after irradiation with UV light. Changes in shape and nuclear morphology were accompanied by a decrease in forward light scatter (cell size) as determined by flow cytometry (not show). This finding suggests that cell volume was decreased.
Changes in Elemental Content
To determine whether the morphological changes seen during apoptotic cell death were associated with changes in intracellular element content, we used EPXMA in control and UV light-irradiated cells. U937 cells were cryofixed with LN 2 and freeze-dried. Figure  2a is a representative micrograph of control freezedried U937 cells, which were characterized by their round shape. Examination of the UV-treated cells with scanning electron microscopy revealed essentially two distinct subpopulations: round U937 cells similar to the control cell population and small, round-smooth 6 cel/ml) were irradiated for 10 min, and shape changes and viability were determined after different periods using phase-contrast microscopy and the trypan blue exclusion assay, respectively. Results are means Ϯ SEM of four separate experiments. (B) Effect of UV irradiation on nuclear morphology of U937 cells. Cells (1 ϫ 10 6 cel/ml) were irradiated for 10 min, incubated at 37°C for the appropriate time, fixed with 4% paraformaldehyde, and stained with Hoechst 33342. (Figs. 2b and 2c) .
U937 cells with membrane-bound apoptotic bodies
X-ray spectra from both cell populations are shown in Figure 3 . The spectrum from control U937 cells shows high P and K peaks and small peaks for Na, Mg, and Cl (Fig. 3a) . In contrast, the spectrum from apoptotic cells, i.e., cells with membrane-bound apoptotic bodies, shows high Na and P peaks and small peaks for Mg, Cl, and K (Fig. 3b) . Table 1 shows the mean dry weight (mmol/kg) of element content for Na, Mg, P, Cl, and K in control and UV light-irradiated apoptotic cells. The concentrations of Na in apoptotic cells increased approximately fourfold (from 52 Ϯ 2 to 198 Ϯ 11, P Ͻ 0.001). In contrast, Cl and K decreased (Cl from 156 Ϯ 5 to 115 Ϯ 3, P Ͻ 0.001, and K from 392 Ϯ 9 to 196 Ϯ 8, P Ͻ 0.001). No significant differences were found for Mg or P, although there was a slight increase in P content in apoptotic cells. Ca content was slightly higher in apoptotic cells that in control cells, but this rise did not reach statistical significance.
DISCUSSION
The apoptotic process can be subdivided into three different phases. During the initiation and effector phases, the intracellular events that commit to the death process take place. During the degradation phase the cells acquire the morphologic and biochemical hallmarks of apoptosis [42] [43] [44] . In the present study we investigated the changes in total element content during the last phase of apoptosis. To induce apoptosis we irradiated U937 cells with UV light as a model system. This model is a valuable resource to identify, characterize, and analyze the role of activated enzymes such as proteases and endonucleases during apoptosis [45] [46] [47] , as apoptosis is induced rapidly in essentially the entire cell population (Ͼ90%). Here we show that 60 min after exposure to UV light, 25% of the cells showed the apoptotic morphology. This proportion increased to approximately 90% 2 h after irradiation. Apoptotic cells were characterized by loss of microvilli, plasma membrane blebbing, condensation and fragmentation of the chromatin, and the appearance of membrane-bound apoptotic bodies. These morphological changes were accompanied by cell shrinkage. After this time, the UV light-irradiated cells were still able to exclude trypan blue, indicating that the morphological changes were not accompanied by loss of cell membrane integrity. Similar results have been obtained in other experimental models [19, 26, 45, 48 -50] , suggesting that an increase in permeability is a late event in apoptosis.
To evaluate the changes in sodium, magnesium, phosphorous, chlorine, potassium, and calcium at the cellular level during the degradative phase of apoptosis, we used EPXMA. This method allowed us to demonstrate an association between the changes in cellular structure and alterations in elemental content in the UV light-induced model of apoptosis. Here we demonstrate that cells showing typical morphological features of apoptosis are characterized by a reduction in K and Cl content and an increase in Na content in comparison with control cells. We also found nonsignificant increases in P and Ca. These results confirm earlier findings for K [19, [25] [26] [27] and extend them by documenting simultaneous changes in Cl and Na at the single cell level. Similar results have been obtained in our laboratory during etoposide-induced apoptosis of U937 cells (unpublished observations). However, this model of apoptosis represents an asynchronous process in comparison with UV light irradiation.
Several earlier studies showed a decrease in K ϩ concentration during apoptosis in human eosinophils [25] , fibroblasts treated with etoposide [28] , human leukemic cells treated with dexamethasone [51] , and cortical neurons exposed to N-methyl-D-aspartate [52] . These findings were confirmed in studies of ion movement in individual apoptotic lymphocytes, in which fluorescent ion indicators were combined with flow cytometry. The average cellular concentration of K ϩ was found to be 50 mM in apoptotic cells [28] , a decrease of about 40 to 35% in comparison with the average concentration of 125 to 140 mM in control cells [26] . The decrease is consistent with values obtained with other techniques in different experimental models [26, 51] . In the present study we report a 50% decrease in K concentration, expressed as dry weight, in apoptotic cells.
Recent studies have reported that the loss of K ϩ becomes detectable relatively late in apoptosis and is an important step in apoptotic degradation [19] . Our results are compatible with these findings, as we found a close relationship between morphological changes during the degradation phase and reduced K content.
In addition, we found that K concentration decreased before functional integrity of the plasma membrane was lost. The decrease in K was not accompanied by significant increases in Cl or Ca, which are characteristically altered when plasma membrane function is lost [53, 54] . The decrease in K ϩ was also related with the decrease in cell volume during apoptosis [18, [25] [26] [27] [28] . Recent studies have shown that apoptotic cell shrinkage is mediated through the active efflux of K ϩ . Tetrapentyl ammonium, a specific Ca 2ϩ -dependent K ϩ channel inhibitor, was shown to inhibit all features of apoptosis, including dissipation of the mitochondrial transmembrane potential, phosphatidylserine exposure on the cell surface, and chromatin condensation [55] , as well as the decrease in cell volume [27] . This led to authors to suggest that cell shrinkage in apoptosis was accompanied by activation of a volume-regulating mechanism similar to that seen during regulated volume decrease. This cellular response involves activation of volume-sensitive anion channels, leading to membrane depolarization and the opening of voltageactivated potassium channels [23, 24] . As a result KCl and osmotically obligated water are rapidly lost. These findings suggest that during shrinkage in apoptosis, the loss of K ϩ should be accompanied by a loss of Cl Ϫ . However, few studies have attempted to determine the involvement of other ions, in particular Cl Ϫ , in cell shrinkage during apoptosis [27, 28] . We demonstrate here that cells with membrane-bound apoptotic bodies are characterized by a low Cl content, which is probably related with the loss of KCl during shrinkage.
The present study shows that apoptotic cells are also characterized by a higher concentration of Na than in control cells. The viability rate of 95% (trypan blue exclusion) showed that the increase in Na was not related with alterations in the permeability of the plasmalemma. Integrity of the plasma membrane was confirmed by the X-ray microanalytical data, which showed that apoptotic cells contained little Cl, a moderate amount of K, and no increase in the level of Ca. U937 cells in which membrane integrity was lost where characterized by distinctive changes in the intracellular elemental composition (Ferná ndez-Segura et al., manuscript in preparation). Na ϩ concentration increased from 15 to 30 mM in mouse L cells after treatment with etoposide [28] . Etoposide-treated L cells with high Na ϩ content were found to exclude propidium iodide dye and retained K ϩ -dependent potassium-binding benzofuran isophthalate fluorescence, findings which confirmed that the increase in Na was not due to the loss of plasma membrane function. These results differ from those of recent studies that used fluorescent ion indicators with flow cytometry and found active efflux of Na ϩ coinciding with cell shrinkage during apoptosis [26, 27] . This Na ϩ efflux has been related with active pumping via the Na ϩ , K ϩ -ATPase pump [27] . The cause of the discrepancy is not clear, although it may be due to differences in the methods used to measure Na content. Further studies will be necessary to accurately determine the alterations in this element in cells undergoing apoptosis.
The content of phosphorus, a constituent of nondiffusible solutes which carries a net negative charge, has been correlated with cell mass in X-ray microanalytical studies [56] . In addition, intracellular P content has been considered an index of intracellular organic content [57] and can thus be considered an indicator of cell membrane integrity. In light of these findings, the absence of a significant difference in total cellular P content between control and apoptotic cells may be related with the striking increase in the density of shrunken apoptotic cells. In addition, the higher P content in cells bearing membrane-bound apoptotic bodies suggests that no organic macromolecules exited the cell. These findings substantiate the integrity of the plasma membrane. The widely reported loss of macromolecules and of plasma membrane integrity occur much later in apoptosis [51] . However, it is difficult to interpret the changes in P levels because these measurements represent the net results of loss of high-energy phosphate (ATP) and the accumulation of inorganic P [29] .
The increase in cytosolic free Ca 2ϩ concentrations may participate in the activation of endonucleases that are involved in nuclear apoptosis [58 -60] . The increase in Ca 2ϩ occurs relatively late in apoptotic cell death, after dissipation of the mitochondrial transmembrane potential (⌬ m ) and depletion of nonoxidized cell glutathione [61] . With X-ray microanalysis, we found a nonsignificant increase in total cellular (free ϩ bound) Ca in apoptotic cells. This lack of significant change in total cellular Ca indicates that there were no large changes in this element during the degradative phase of apoptosis. These results do not exclude the possibility that the changes in this element might involve the free fraction (nanomolar range), which is undetectable with EPXMA [31] . The absence of large changes in Ca suggests that the massive accumulation of this element is a late event during apoptosis and occurs only in injured cells in which plasma membrane function has been completely lost.
In conclusion, the use of electron probe X-ray microanalysis made it possible to evaluate alterations in total element composition in individual cells during apoptosis. We show that morphological changes typical of the degradative phase of apoptosis are associated with alterations in sodium, chlorine, and potassium. Future studies will address the possible changes in element content during the step previous to the degradative phase. It will be particularly interesting to use electron probe X-ray microanalysis to evaluate ionic alterations at the subcellular level, i.e., cytoplasm, nucleus, and mitochondria. This will shed light on the role of these changes in the genesis of apoptotic cell death.
